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Toxin-antitoxin loci, which encode a toxic protein alongside with either RNA or a protein able 
to counteract the toxicity, are widespread among Archaea and Bacteria. These loci are 
implicated in persistence, and as addiction modules to ensure stable inheritance of plasmids 
and phages. In type I toxin-antitoxin systems, a small RNA acts as an antitoxin which prevents 
the synthesis of the toxin. Most type I toxin are small hydrophobic membrane proteins 
generally assumed to induce pores, or otherwise permeabilize the cytoplasmic membrane and, 
as a result, induce cell death by energy starvation. Here we show that this mode of action is not 
a conserved property of type I toxins. The analysis of the cellular toxicity caused by Bacillus 
subtilis prophage SPβ-encoded toxin BsrG revealed that, surprisingly, it neither dissipates 
membrane potential nor affects cellular ATP-levels. In contrast, BsrG strongly interferes with 
the cell envelope biosynthesis, causes membrane invaginations together with delocalization of 
the cell wall synthesis machinery, and triggers autolysis. Furthermore, efficient inhibition of 
protein biosynthesis is observed. These findings question the simplistic assumption that small 




Toxin-antitoxin (TA) systems have been found on chromosomes and plasmids in a broad 
variety of bacteria and archaea, sometimes in multiple copies (summarized in Brantl, 2012). 
They consist of a stable toxin whose ectopic overexpression either kills the cells or confers 
growth stasis, and an unstable antitoxin that counteracts toxicity. Depending on nature and 
action of the antitoxin, TA systems are classified into five types (Brantl, 2012). In type I 
systems, the antitoxin is a small antisense RNA that is either convergently (as hok/Sok) or 
divergently (as tisB/IstR1) transcribed to the toxin mRNA, and inhibition occurs by RNA/RNA 
basepairing (summarized in Brantl and Jahn, 2015). The antitoxins act either by translation 
inhibition and/or by promotion of RNA degradation. While plasmid-encoded TA systems act 
as postsegregational killing systems (summarized in Gerdes and Wagner, 2007; Weaver, 2012), 
the biological role of chromosome-encoded TA systems is far less clear. In a few cases, e.g. E. 
coli tisB/IstRI and hokB/SokB, and Streptococcus mutans fst-Sm/SrSm, a role in persister 
formation has been shown (Dörr et al., 2009 and 2010; Koyanagi and Levesque, 2013; 
Verstraeten et al., 2015). Other systems were found to be involved in chromosome stability (E. 
coli dinQ/AgrB; Weel-Sneve et al., 2013), resistance against cell-wall inhibiting antibiotics (E. 
coli ralR/RalA; Guo et al., 2014) or recycling of damaged RNA produced under SOS stress 
conditions (E. coli symE/SymR, summarized in Kawano, 2012). B. subtilis type I toxin genes 
(txpA, yonT, bsrG, bsrE, bsrH) are located on prophages and prophage-like regions and were 
proposed to be required for maintenance of these elements (summarized in Durand et al., 2012).  
The classical characterized type I toxins are small hydrophobic peptides of < 60 aa 
containing an α-helical transmembrane domain and are supposed to be localized in the 
membrane. It is proposed that many type I toxins behave like phage holins and induce pores 
into membranes resulting in disruption of the proton motive force. Several studies have 
demonstrated that at least the overexpression of type I toxins (e.g. hok, relF, fst, tisB, dinQ) 
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causes the destruction of the membrane itself, or dissipation of membrane potential 
(summarized in Brantl and Jahn, 2015). Overexpression of the pAD1-encoded Fst toxin from 
Enterococcus faecalis evokes a condensation of the nucleoid and misplaced septa resulting in 
daughter cells with little or without DNA, indicating a chromosome segregation defect (Patel 
and Weaver, 2006). Overproduction of the chromosomally encoded E. coli LdrD causes a rapid 
chromosomal condensation as well, and inhibits global translation (Kawano et al., 2002; 
Kawano, 2012). 
We previously reported on the chromosomally encoded bsrG/SR4 from B. subtilis, the 
first temperature-dependent type I TA system (Jahn et al., 2012). The bsrG RNA is ~294 nt 
long and carries the ORF for a 38 aa hydrophobic peptide with a predicted trans-membrane 
domain in the central part, and a charged C terminus. The convergently transcribed antitoxin 
RNA SR4 comprises ~180 nt and shares 123 nt of complementarity at its 3’ end with bsrG 
RNA. A deletion of sr4 or overexpression of bsrG exhibits cell lysis on agar plates. Heat-shock 
experiments at 48 °C demonstrated a significant reduction of the amount of bsrG mRNA, which 
could be attributed to a 3.5-fold shorter half-life at high temperatures. We demonstrated that 
the antitoxin SR4 promotes toxin mRNA degradation by an RNase III-dependent mechanism 
(Jahn et al., 2012). Additionally, SR4 induces a conformational change around the bsrG SD 
sequence that further obstructs ribosome binding (Jahn and Brantl, 2013). Consequently, SR4 
is the first type I antitoxin with two clearly separable functions: it facilitates degradation of 
bsrG mRNA and it impedes its translation.  
The binding pathway of SR4 and bsrG mRNA was elucidated using complex formation 
assays with wild-type and truncated bsrG RNA and SR4 species, and a time-course experiment: 
The initial contact between SR4 and bsrG RNA occurs between terminator loop 4 of SR4 and 
loop 3 of bsrG RNA, followed by helix progression to an interaction at loop 3 of SR4 and, 
finally, to loop 2 of SR4 and the bsrG terminator loop (Jahn and Brantl, 2013). 
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In this report, we have analyzed the cellular toxicity of BsrG in B. subtilis. We could 
demonstrate that BsrG is recruited to the membrane, but surprisingly does not interrupt the 
membrane barrier function. In contrast, BsrG triggers invaginations of the cytoplasmic 
membrane which, in turn, cause delocalization of components of the cell wall synthesis 
machinery ultimately leading to autolysis. Moreover, bsrG induction was shown to cause 
compaction of the nucleoid alongside with inhibition of protein biosynthesis.  
 
Results and Discussion 
 
BsrG inhibits cell growth  
We previously reported that a B. subtilis strain carrying a deletion of the antitoxin sr4, which 
results in expression of bsrG, is viable but has a severe growth defect (Jahn et al., 2012). Upon 
cultivation on solid medium, growth followed by a strong cell lysis was observed. We could 
demonstrate that the cytotoxic effect is due to the BsrG peptide itself and not caused by the 
bsrG mRNA (Jahn et al., 2012). In order to analyse the toxicity of BsrG in a controllable 
manner, we constructed a strain in which bsrG is integrated into the aprE-locus of the B. subtilis 
chromosome under the control of the IPTG-inducible promoter Pspac. Recently, we have 
shown that translation of wild-type bsrG mRNA is prevented by a double stranded mRNA 
structure sequestering the ribosome binding site (Jahn and Brantl, 2013). Only mutations 
preventing this secondary structure resulted in a significant amount of BsrG. To achieve growth 
inhibition comparable to antitoxin sr4-deletion, the combination of Pspac-promoter and a 
native, but open RBS was necessary (Fig. S1). B. subtilis strain 1A100, which lacks the SPβ 
prophage region including the native bsrG/sr4 locus, was chosen as a host strain for the cellular 
analysis of BsrG toxicity. 
 At first, the growth behaviour of B. subtilis upon varying levels of bsrG-expression was 
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analysed. The addition of the inducer IPTG did not influence the growth behaviour of a strain 
harbouring an empty vector integrated into aprE (NJ0) whereas a clear concentration-
dependent growth inhibition of B. subtilis in a strain encoding an inducible copy of brsG (NJ12) 
was observed. In this experiment, the cells from an overnight culture were directly diluted into 
a medium containing the inducer IPTG. Low levels of bsrG-expression allowed the cells to re-
initiate growth and enter logarithmic growth phase, but resulted in a delayed onset of growth 
inhibition followed by cell lysis. In contrast, higher expression levels prevented re-initiation of 
growth (Fig. 1A). A different pattern of growth inhibition was observed when cells were 
allowed to enter logarithmic growth phase before induction of bsrG. In this case, even high 
levels of inducer only inhibited growth with a considerable delay between induction and 
gradual growth inhibition (Fig. 1B). Thus, BsrG appears to unfold its toxic effect in actively 
growing cells by a gradual and relatively slow process compared to other type I toxins. The 
majority of type I toxins including E. coli TisB, Hok and LdrD kill their hosts or cause growth 
stasis rapidly within 30 min upon induction (Unoson and Wagner, 2008; Gerdes et al., 1986a; 
Kawano et al., 2002). The overexpression of Enterococcus faecalis fst leads to the cessation of 
cell growth within 1 h after induction (Weaver et al., 2003). However, it has been shown that 
already 15 min after induction of fst multiple cell division abnormalities and aberrant 
chromosomal distribution emerge (Patel and Weaver, 2006).   
Due to the similarity with the growth phenotype observed in the absence of the antitoxin 
sr4 (Jahn et al., 2012), a growth regime based on initial growth in the absence of the inducer, 
followed by expression/induction of bsrG for 3 h with 10 mM IPTG was chosen for the 
subsequent analyses of cellular consequences of bsrG expression.   
 
BsrG targets the cytoplasmic membrane   
The majority of type I toxins characterized so far are small hydrophobic peptides comprising a 
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predicted or experimentally confirmed α-helical transmembrane domain, and are postulated to 
be localized in the cytoplasmic membrane (e.g. Fozo et al., 2008; Göbl et al., 2010; Sayed et 
al., 2012; Yamaguchi et al., 2014). To verify that this also holds true for BsrG, we constructed 
a strain expressing a bsrG-msfGFP fusion under control of the IPTG-inducible Pspac promoter. 
As seen in Fig. 2A and quantified in Fig. 2B, BsrG was indeed associated with the membrane 
and had no specific localization pattern. However, the fusion protein was not toxic anymore 
indicating that the protein fusion interferes with the native function of BsrG. Nevertheless, the 
ability to recruit GFP to the membrane strongly favours the notion that BsrG is a membrane 
associated protein in vivo.   
This localization pattern is not surprising due to the very hydrophobic nature of BsrG 
(Fig. 2C), and is consistent with membrane association of other characterized type I toxins like 
E. coli Hok, RelF, TisB and DinQ (Gerdes et al., 1986b; Gurnev et al., 2012; Weel-Sneve et 
al., 2013) or E. faecalis Fst (Göbl et al., 2010). So far, only two exceptions, namely E. coli 
SymE and RalR, have been reported. These chromosomally encoded type I toxins are 
considerably longer than typical type I toxins, and less hydrophobic (Kawano et al., 2007; Guo 
et al., 2014).   
 
BsrG neither interrupts the barrier function nor affects the physical state of the lipid bilayer 
It is proposed that typical type I toxins disrupt the cell membrane, dissipate the membrane 
potential and, consequently, inhibit ATP synthesis (Gurnev et al., 2012; Yamaguchi et al., 
2014). Several studies have demonstrated that at least overexpression of various type I toxins 
leads to the destruction of the membrane potential or the membrane itself (e.g. Gerdes et al., 
1986b; Fozo et al., 2008; Weaver et al., 2003; Unoson and Wagner, 2008; Weel-Sneve et al., 
2013). To test this potential activity of BsrG, we first analysed the permeability of B. subtilis 
cell membranes for large molecules in the absence and presence of BsrG in vivo. For this aim, 
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we applied cell staining with SYTOX Green, a high-affinity nucleic acid stain that does not 
cross the membranes of living cells but easily penetrates cells in the presence of pore forming 
compounds and proteins (Roth et al., 1997; Bakshi et al., 2014). Surprisingly, while treatment 
of cells with the pore forming bactericin nisin strongly increased SYTOX Green fluorescence 
signals within the cells, bsrG induction did not allow SYTOX to enter the cytoplasm (Fig. 
3A/C). These results indicate that the expression of bsrG does not interrupt the barrier function 
of the membrane by forming pore-like structures.  
While the formation of large pores by BsrG can be ruled out in vivo, the possibility for 
the formation of small ion conducting channels remains. Increased ion-conductivity of the 
membrane results in dissipation of the cell membrane potential. Since membrane potential is 
generated by active transport of protons, the measurement of membrane potential is sensitive 
to changes in the permeability of even the smallest ions. The cellular levels of membrane 
potential were measured for actively growing cells, and for cells in which growth was inhibited 
by the induction of bsrG using potential sensitive dye DiSC3(5). In both microscopic (Fig. 3B) 
and fluorometric (Fig. 3D) assays the membrane potential was unaffected by the induction of 
bsrG, thus clearly indicating that an increased membrane permeability is not responsible for 
the observed growth inhibition by BsrG.  
Next, we assessed the overall physical state of the membrane. All living organisms 
maintain their cell membranes in an optimal state of membrane fluidity in a process termed 
homeoviscous adaptation (Hazel, 1995). An interference with the fluidity of the membrane 
could result in growth inhibition without directly affecting the membrane permeability. 
Measurement of in vivo membrane fluidity using fluidity sensitive dye Laurdan clearly showed 
that BsrG does not influence this important parameter of the cytoplasmic membrane (Fig. 3E). 
The analysis of cellular fatty acid composition, however, did reveal small but significant 
perturbation of the membrane composition (Table S1). This indicates that cells either perceive 
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a mild perturbation of membrane fluidity and adapt accordingly, or that expression of bsrG 
directly interferes with pathways responsible for fatty acid synthesis.   
Finally, we determined the overall energy state of the cell by measuring the cellular 
ATP levels (Fig. 3F). In agreement with the presence of an energized cell membrane, the 
cellular ATP levels were not affected by the induction of BsrG.   
 Several studies have demonstrated that overexpression of a type I toxin, e.g. hok, relF, 
srnB, pndA, fst, ibsC, shoB, tisB and dinQ can lead to the disruption of membrane potential or 
membrane itself (Gerdes et al., 1986a; Ono et al., 1986; Weaver et al., 2003; Fozo et al., 2008; 
Unoson and Wagner, 2008; Weel-Sneve et al., 2013). The overexpression of the type I toxin 
hok, encoded on E. coli plasmid R1, leads to formation of ‘ghost’ cells characterized by 
condensed cell poles and a centrally located clearing. The resulting cell death was postulated 
to be caused by irreversible damage to the cell membrane (Gerdes et al., 1986a). In accordance 
with this, hok overexpression leads to the collapse of membrane potential, respiratory arrest, 
efflux of small molecules including Mg2+ and ATP, and to influx of extracellular molecules as 
e.g. ONPG (summarized in Gerdes et al., 1997).  
Overexpression of the natively SOS-induced type I toxin TisB from E. coli leads to the 
dissipation of membrane potential, reduced intracellular ATP levels, shut down of the entire 
macromolecular synthesis and, consequently, cell death in a fraction of the population (Unoson 
and Wagner, 2008; Gurnev et al., 2012). The depolarization of the membrane is probably 
caused by the formation of small anion selective pores (Gurnev et al., 2012). The 
chromosomally encoded DinQ of E. coli shares many features with TisB, since it is also 
localized in the inner membrane and its overexpression leads to membrane depolarization and, 
consequently, intracellular ATP depletion (Weel-Sneve et al., 2013). Furthermore, it has been 
shown in a recent study that LdrA of E. coli, the prototypical protein of the Ldr family, may 
exert its toxicity likewise by inhibiting ATP synthesis, possibly due to its localization in the 
10 
 
cell membrane. Consequently, the intracellular ATP-consuming biosynthetic reactions 
including DNA replication, transcription and translation are inhibited (Yamaguchi et al., 2014).  
So far, two type I toxins evoke effects in the cell unrelated to membrane damage. The 
SOS-induced SymE from E. coli acts as an RNase suggested to play a role in recycling of 
damaged RNAs under SOS-inducing conditions (Kawano et al., 2007). This protein shows 
sequence similarity to the AbrB-fold superfamily proteins, which act among other things as 
antitoxins in different type II TA systems like mazEF (Kawano et al., 2007). Second, the 
recently identified type I toxin RalR of the cryptic E. coli prophage rac is the first known type 
I toxin that acts as a non-specific endoDNase (Guo et al., 2014). 
In agreement with these previous studies (summarized in Brantl and Jahn, 2015), it was 
speculated that the toxicity of typical “membrane” type I TA toxins is due to the inhibition of 
ATP synthesis, caused by disruption of the membrane barrier function. However, here we 
demonstrate that B. subtilis type I toxin BsrG does neither induce pores nor affect the electric 
or chemical homeostasis in the cytoplasmic membrane. As a consequence, the cellular ATP 
levels remain unaffected although cell growth is gradually inhibited.   
 
BsrG causes changes in cell morphology 
Since the initial hypothesis that BsrG interferes with the cytoplasmic membrane barrier 
function turned out to be invalid, we next employed cell biological methods to identify what 
major cellular processes are affected by BsrG. Using a collection of fluorescent fusion proteins 
and staining techniques, we tested whether expression of bsrG interferes with membrane-
associated or other cellular processes such as overall cell morphology, cell division, division 
site selection, cell wall synthesis, chromosome segregation or DNA replication. The results are 
summarized in Figs. S2-3 and Table 1. The expression of bsrG had a clear impact on overall 
cell morphology. As observed with phase contrast microscopy, the expression of bsrG resulted 
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in cells that were smaller and irregularly shaped, characterized by a slightly curved, and 
sometimes mildly twisted morphology (Fig. 4A). The overall cell morphology is determined 
by the cell envelope, which expands to a given shape by the action of the cell division and the 
cell wall synthesis machineries, respectively (Typas et al., 2012). To gain deeper insight into 
the observed changes in cell morphology, we applied structured illumination microscopy 
combined with fluorescent membrane stain MitoTracker Green (a hydrophobic lipid dye as a 
marker for cell membranes) and GFP (as a marker for cytoplasm). Structured illumination 
microscopy provides optical resolution higher that achievable with regular light microscopy 
(Fig. 4B), and allows in this context a high resolution imaging of the cell shape. As depicted in 
Fig. 4C, induction of bsrG resulted in emergence of cellular areas that are void of cytoplasmic 
GFP. In agreement with this observation, the imaging of cell membranes indicated a strongly 
aberrant membrane topology, distorted cell division planes, and a significantly reduced cell 
size (Fig. 4D/E). At last, we observed that the nucleoids of the cells appeared compacted, a 
property also visible as a mild mid-cell exclusion of diffuse GFP (Fig. 4C, Fig. S4).  
 To distinguish whether the distorted membrane stain is caused by membrane 
invaginations directly associated with the cytoplasmic membrane, or separated cytoplasmic 
vesicles, we applied differential staining of these two membrane structures. In contrast to 
MitoTracker Green, the more strongly hydrophobic FM5-95 cannot pass through a lipid 
membrane. This results in staining of the cytoplasmic membrane but not of internal membrane 
structures (Sharp and Pogliano, 1999). Since the fluorescence signals of both dyes were 
identical (Fig. S5), we conclude that the abnormal membranes caused by bsrG-induction are 
continuous invaginations of the cytoplasmic membrane.  
At last, we observed a strong delocalization of components of the cell division site 
selection system Min (Fig. S2). The correct cellular localization of this system relies on 
recruitment of the conserved cell division protein DivIVA to highly curved septal membranes 
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(Lenarcic et al., 2009; Ramamurthi and Losick, 2009), which in turn recruits other components 
such as MinD via protein-protein interactions (Marston et al., 1998; Bramkamp et al., 2008; 
Patrick and Kearns, 2008). Thus, the delocalization of these proteins provides further evidence 
to abnormal membrane topology, and likely contributes to the altered cell morphology.  
In summary, bsrG induction affected neither chromosome segregation nor replication 
(Fig. S3), as the localization pattern of the corresponding marker proteins did not change, and 
the nucleoids, although compacted, remained well segregated. In contrast, BsrG caused 
significant disturbances of the envelope biosynthesis and cell morphology.  
 
BsrG causes delocalization of the cell wall synthesis machinery 
The overall cell morphology is determined by the expansion of the cell wall into a given shape 
(Typas et al., 2012). For this reason, the altered cell morphology implies a disturbance in the 
organization of the cell wall synthesis. To test this hypothesis, we analysed the localization of 
components of the cell wall synthesis machinery. The bacterial actin homologs MreB, and its 
paralogs Mbl and MreBH are cytoskeletal proteins essential for correct cellular positioning of 
the cell wall synthesis machinery which, in turn, is responsible for the expansion of the lateral 
cell wall (Carballido-López, 2006; Graumann, 2007). First, we followed the localization of the 
cytoplasmic cytoskeletal components MreB and Mbl. As shown in Fig. 5A, an expression of 
bsrG results in a surprisingly strong delocalization of MreB. This protein is under normal 
conditions localized as membrane associated polymers oriented perpendicular to the cell length 
axis (Reimold et al., 2013; Errington, 2015). Upon expression of bsrG this localization pattern 
changed and abnormally strong bundling together with a misorientation of the polymers was 
observed. Intriguingly, the effect on the localization of the MreB-paralogs Mbl and MreBH 
was considerably milder (Fig. 5A, Fig. S6). The mislocalized MreB was frequently found 
associated with the areas of membrane invagination (Fig. S7). To address the question whether 
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the delocalization of MreB causes delocalization of the cell wall synthesis components, we 
analysed the localization PonA (Penicillin Binding Protein 1), and the cell wall precursor 
carrier lipid II. In both cases, a strong delocalization and enrichment at sites of membrane 
invagination was observed (Fig. 5B/C). As a consequence, the most likely reason for the altered 
cell morphology caused by BsrG is delocalized cell wall synthesis. 
The question remains if the delocalization of MreB and the cell wall synthesis is caused 
by local extensive invagination of the cell membrane, or vice versa. To test this, we made use 
of another strain that causes excess membrane in a BsrG-independent manner. Upon 
overproduction of AccDA (acetyl-CoA carboxylase), fatty acid biosynthesis is stimulated 
resulting in invagination of the excess cell membrane (Mercier et al., 2013). Intriguingly, also 
in this case MreB is delocalized (Fig. S8). To verify this finding, we analysed the BsrG-
triggered membrane invaginations, and the delocalization of MreB, upon growth rate limiting 
partial inhibition of fatty acid synthesis using enoyl-ACP reductase-inhibitor triclosan (Fig. 
S9A). Whereas the induction of bsrG still inhibits cell growth under these growth conditions, 
the extensive membrane invaginations, the delocalization of MreB, and cell lysis are largely 
abolished by sub-MIC concentrations of triclosan (Fig. S9). Furthermore, in the presence of 
MIC concentrations of triclosan, induction of bsrG transiently stimulates growth (Fig. S9A). 
These observations thus strongly support the notion that expression of bsrG stimulates fatty 
acid biosynthesis, which results in invagination of the cytoplasmic membrane. The 
invaginations, in turn, cause the delocalization of MreB.  
The localization of MreB, and the accompanied cell wall synthesis machinery has been 
postulated to be guided by the curvature of the cell membrane. In this model, changes in the 
membrane curvature enrich cell wall synthesis in areas of curved cell envelope. The resulting 
locally enhanced cell wall synthesis aids in straightening the cell, and thus in maintaining the 
rod shape (Ursell et al., 2014; Billings et al., 2014; Renner et al., 2013). Our findings that MreB 
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and the accompanied cell wall synthesis machinery are delocalized as a consequence of the 
extensive membrane invaginations caused by BsrG, is in good agreement with this model. 
Nevertheless, we so far cannot formally rule out the possibility that BsrG is directly 
acting on MreB or another component of the cell wall synthesis machinery. Intriguingly, a type 
IV TA system YeeUV (renamed as YeeU/CbtA) of E. coli has been shown to inhibit cell wall 
synthesis by directly interacting with MreB and FtsZ (Tan et al., 2011; Masuda et al., 2012). 
The toxin of this TA system, CbtA, binds and inhibits the polymerization of MreB and FtsZ 
resulting in transition from rod to lemon shaped cells and, consequently, cell growth inhibition. 
The expression of CbtA directly inhibits the GTPase activity of FtsZ and additionally inhibits 
the ATP-dependent polymerization of MreB (Tan et al., 2011). In contrast, the antitoxin YeeU 
suppresses the CbtA toxicity by stabilizing both MreB and FtsZ, and enhances the bundling of 
their filaments in vitro (Masuda et al., 2012).  
 
Cell lysis is triggered by delocalization of MreB, but the growth inhibition is not related to 
cell wall synthesis  
To test the possibility that BsrG is directly targeting MreB, we repeated the growth inhibition 
experiments shown in Fig. 1 in the absence of MreB or its paralogs Mbl, and MreBH. In strains 
deleted for mreB, mbl or mreBH, respectively, the expression of bsrG still efficiently inhibited 
cell growth. Thus, the growth inhibition triggered by BsrG is not caused by direct inhibition of 
MreB although it does cause strong delocalization. However, whereas the absence of Mbl or 
MreBH had no significant effect on cell lysis, the deletion of mreB fully abolished the lysis 
phenotype (Fig. 6A). The active synthesis and turnover of cell wall requires a coordinated and 
tightly regulated activity of cell wall hydrolysing enzymes. The cytoskeletal proteins MreB, 
Mbl and MreBH have a crucial role in regulating these autolytic activities (Domínguez-Cuevas 
et al., 2013). Thus, there is an intriguing possibility that the lysis observed upon prolonged 
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expression of bsrG is a consequence of the observed disturbance of the cytoskeletal proteins 
rather than a direct consequence of BsrG activity. This possibility is further supported by the 
observation that sub-inhibitory concentrations of fatty acid inhibitor triclosan not only prevents 
the BsrG-triggered delocalization of MreB, but also the lysis phenotype (Fig. S9A).   
To verify this hypothesis, we repeated the growth experiments but this time in strains 
carrying deletions of individual autolysin genes (lytC, lytD, lytE, lytF, and cwlO). Indeed, in 
strains deficient for lytC (amidase) and lytD (glucosaminidase) the cell lysis triggered by BsrG 
is effectively abolished (Fig. 6B). The further tested autolysins showed lysis comparable to 
wild type (Fig. S10). Thus, we conclude that the strong lysis observed upon expression of bsrG 
is indeed caused by triggered autolysis which involves LytC and LytD.  
At last we tested whether the growth inhibition, in addition to lysis, is caused by 
disturbance of cell wall synthesis. For this aim, we analysed the ability of completely cell wall 
deficient B. subtilis L-forms to grow upon expression of bsrG. The growth and proliferation of 
these cells is independent of both the cell wall synthesis, and cell division machineries that are 
essential for growth as rod shaped cells. Instead, L-forms propagate by a range of rather poorly 
regulated shape perturbations, including blebbing, tubulation, and vesiculation (Leaver et al., 
2009; Mercier et al., 2013). As shown in Fig. 6C, the expression of bsrG strongly inhibited the 
proliferation on B. subtilis L-forms. Thus, whereas the lysis phenotype is a direct consequence 
of the disturbance of the cell wall synthesis machinery, and is facilitated by autolytic enzymes, 
the cell wall synthesis machinery is not a direct cellular target of BsrG.  
 
Expression of bsrG results in condensation of the nucleoid, and interferes with protein 
biosynthesis 
As mentioned earlier, we observed a condensation of the nucleoid when we screened for major 
cellular processes influenced by bsrG induction. As shown in Fig. 7A, BsrG-inhibited cells 
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exhibit highly compacted nucleoids although the chromosome segregation, and the positioning 
of the cell division plane between the nucleoids, remains unaffected. In agreement with the 
well segregated chromosomes in gradually slower growing cells, only a mild effect on DNA 
replication, indicated as a reduced number of origin regions in the cell (Fig. S3), was observed. 
A condensed nucleoid as a result of type I toxin expression has been reported earlier for E. 
faecalis toxin Fst and E. coli toxin LdrD, an Fst-homolog from E. coli (Patel and Weaver, 2006; 
Kawano et al., 2002). In case of E. coli LdrD, the rapid condensation of the nucleoid was 
accompanied by global inhibition of translation (Kawano et al., 2002; Kawano, 2012). In 
general, inhibition of translation results in condensation of the nucleoid both in E. coli and in 
B. subtilis (Fig. S11) (van Helvoort et al., 1996; Fishov and Woldringh, 1999; Cabrera et al., 
2009). This phenomenon is postulated to be triggered by inhibition of transertion (coupled 
transcription, translation, and co-translational secretion of membrane proteins) which actively 
pulls DNA towards the cell membrane and thus maintains the nucleoid in an actively 
decondensed configuration (Bakshi et al., 2014; Matsumoto et al., 2015). A condensed 
nucleoid is therefore a potential indicator for inhibition of translation (or combined inhibition 
of transcription and translation).  
To test whether membrane associated BsrG can indeed interfere with protein and 
mRNA synthesis, we first analyzed the ability of B. subtilis to express GFP from xylose 
inducible promotor Pxyl. A shown in Fig. 7B, expression of bsrG strongly inhibits the cells’ 
ability to synthesize GFP. We corroborated this finding with a northern blot analysis of selected 
housekeeping genes. A clear reduction of transcript abundancy was observed which indicates 
significant inhibition of transcription (Fig. 7C).   
Due to the membrane association of BsrG, a direct inhibition of the transcription and 
translation machineries is difficult to envisage. Nevertheless, to verify that the observed effects 
on membrane topology are not caused by pleiotropic inhibition of transcription or translation, 
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we imaged B. subtilis cells upon specific inhibition of translation (Fig. S12A). No changes in 
the membrane topology were observed upon extended (2 h) incubation in the presence of 
translation inhibitor chloramphenicol or transcription inhibitor rifampicin. A milder growth-
rate limiting inhibition of translation, facilitated by limited expression of elongation factor EF-
Tu, also did not exhibit changes in membrane topology (Fig. S12B). Thus, inhibition of mRNA 
and protein biosynthesis caused by BsrG is more likely a secondary consequence of the toxicity 
of a membrane active BsrG rather than a direct effect.  
 
Summary 
In conclusion, we could show that the B. subtilis SPβ prophage encoded type I toxin BsrG is 
membrane associated but, surprisingly, does not interfere with the permeability function of the 
membrane or cell energy state. In contrast, the envelope biosynthesis is disturbed resulting in 
extensive invagination of the cytoplasmic membrane. These invaginations cause a 
delocalization of the MreB-cytoskeleton and the associated cell wall synthesis machinery. The 
interference with the envelope biosynthesis results in altered cell morphology, aberrant cell 
division sites and, ultimately, cell lysis. The cell lysis requires the activity of autolytic enzymes 
and is thus caused by triggered cell wall autolysis rather than BsrG-induced disintegration of 
the cell membrane. However, the primary target of BsrG is not the cell wall synthesis 
machinery. In the framework of this study, we could not identify the direct cellular target of 
BsrG. The localization in the cell membrane in vivo, together with the highly hydrophobic 
nature with only few amino acids likely to protrude from the hydrophobic membrane interior, 
implies a membrane embedded target. However, the expression of bsrG also results in 
inhibition of transcription, indicating the cellular consequence of BsrG toxicity is very broad.   
A considerable similarity exists between B. subtilis BsrG and the E. faecalis Fst. The 
action of both toxins results in a condensed nucleoid and an altered cell morphology without 
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immediate permeabilization of the membrane. Whereas misplaced septa caused by an 
interference with the cell division machinery upon fst induction predominates in the native host 
E. faecalis, a delocalization of lateral cell wall synthesis is observed upon expression in B. 
subtilis (Weaver et al., 2003; Patel and Weaver, 2006). A later permeabilization of the 
membrane upon expression of fst is observed in E. faecalis, a phenotype most likely 
comparable to what we discuss here as cell lysis.  
Taken together, the cellular consequences of BsrG and Fst clearly question the 
paradigm that bacterial type I toxins exhibit their toxic activity by permeabilizing the cell 
membrane. It appears more plausible that clearly different sub-classes of type I toxins exist. So 
far, most analyzed type I toxins do act by permeabilizing the cell membrane. However, another 
group of membrane associated type I toxins, represented at this stage by Fst and BsrG, do not 
permeabilize the membrane but rather interfere with the cell envelope biosynthesis by a so far 
unknown mechanism. At last, a third group of type I toxins act within the cytoplasm by 





Enzymes and chemicals 
Chemicals used were of the highest purity available. Taq DNA polymerase was purchased from 
Roche, Q5 High-Fidelity DNA polymerase from New England BioLabs and Firepol 
polymerase from Solis Biodyne, Estonia, respectively.  
 
Strains, media and growth conditions 
Strains and conditions for gene induction are listed in Table S1. DNA manipulations and E. coli 
DH5α transformation were carried out using standard methods (Sambrook et al., 1989). 
Generation of competent B. subtilis cells was performed by using SMM-defined minimal 
medium (Spizizen) as described by Anagnostopoulos and Spizizen (1961) and modified by 
Hamoen et al. (2002). TY medium was used as complex medium for both E. coli and B. subtilis 
(Heidrich et al., 2006). B. subtilis L-forms were grown in osmoprotective medium composed 
of 2 × magnesium-sucrose-maleic acid (MSM) pH 7 (40 mM MgCl2, 1 M sucrose, and 40 mM 
maleic acid) mixed 1:1 with 2 × nutrient broth (NB, Oxoid) or 2 × Nutrient agar (NA, Oxoid). 
Antibiotics were added at the following concentrations: 3 µg ml-1 chloramphenicol, 12 
µg ml-1 kanamycin, 100 µg ml-1 spectinomycin, 3 µg ml-1 erythromycin, 10 µg ml-1 tetracycline, 
and 1.2-2.5 µg ml-1 triclosan for B. subtilis or 125 µg ml-1 ampicillin for E. coli. If not stated 
otherwise, for induction of bsrG by IPTG the cells were grown in TY for 1 h at 30 °C, followed 
by further 3 h either in the absence or presence of 10 mM IPTG until a growth arrest of induced 
samples could be detected. TY supplemented with 20 mM MgCl2 was used to grow the mreB, 
mbl, and mreBH deletion strains.  
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Construction of plasmids and strains 
Plasmids are listed in Table S2. Plasmids used for the IPTG-inducible overexpression from the 
chromosomal aprE locus were constructed as follows:  
The promoterless SalI/BamHI bsrG PCR fragment obtained with primer pair 
SB2185/SB2195 on chromosomal DNA was inserted into the SalI/BamHI vector pAPNCcat 
generating pAPG12. The plasmid linearized by ScaI was used to transform B. subtilis 1A100 
resulting in B. subtilis NJ12.  
A strain encoding the C-terminal fusion of monomeric superfolder GFP (msfGFP) to 
BsrG (B. subtilis NJ15) was constructed by amplification of bsrG on plasmid pAPG12 using 
oligos SB2252 and SB2254 and msfgfp from plasmid pHJS105 using primers SB2253 and 
SB2255. Subsequently, a second PCR reaction utilising SB2252 and SB2255 was performed 
followed by cloning of the resulting BamHI/EcoRI digested fragment into vector pAPNCcat 
and transformation of B. subtilis 1A100. The downstream primer includes the heterologous 
bsrF transcription terminator (Preis et al., 2009). 
Strains NJ90 and NJ91 encoding the GFP-MreB fusion protein under control of the 
IPTG-inducible Pspac-promotor were constructed by amplification of gfp-mreB using oligos 
HS518 and HS519 (Table S3) followed by cloning of the resulting fragment into pAPNCcat 
digested by EcoRI and SalI. The resulting plasmid pAPMreB1 was integrated into the aprE 
locus of B. subtilis NJ57 and NJ61 yielding NJ90 and NJ91, respectively. 
All the other strains listed in Table S1 were obtained by transformation with 
chromosomal DNA prepared from several previously described B. subtilis strains. 
 
Fluorescence microscopy 
For fluorescence microscopy, the strains were grown without antibiotics to late exponential 
growth phase at 30 °C, if not indicated otherwise. Subsequently, cells were immobilized on 
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microscope slides covered with a thin film of 1.2% agarose in H2O. The bacterial cell 
membranes were visualized with either Nile Red (1 μg ml−1), FM 5-65 (0.5 μg ml−1), or 
MitoTracker Green (0.25 μg ml-1), and the nucleoid with DAPI (1 μg ml−1). For localization of 
lipid II, cells were incubated for 5 min at 30 °C with 0.5 μg ml−1fluorescein-labelled 
vancomycin (van-fl) mixed with an equal concentration of unlabelled vancomycin as described 
earlier (Daniel and Errington, 2003). Detection of membrane permeability was performed by 
addition of SYTOX Green (2 µM), and membrane potential by addition of DiSC3(5) (10 µM).  
Regular fluorescence microscopy was performed with Zeiss Axiovert 200 M (Zeiss 
Plan-Neofluar 100X/1.30 Oil Ph3 objective, Photometrics CoolSnap HQ2 CCD camera) and 
Nikon Eclipse Ti (Nikon Plan Fluor 100X/1.30 Oil Ph3 DLL objective, Rolera EM-C2 
EMCCD camera). The images were acquired with Metamorph 6 (Molecular Devices). 
Structured illumination microscopy (SIM) was carried out with Nikon N-SIM (Nikon CFI APO 
TIRF 100X/1.49 Oil objective, 488 nm (Coherent Sapphire) and 561 nm (Cobolt Jive 100) 
solid state lasers, and Andor Xion X3 EMCCD camera). Image capture and reconstruction of 
SIM images were performed with NIS-elements 4.0 (Nikon). Image analysis and quantification 
were carried out using ImageJ 1.49 (NIH). 
 
Membrane fluidity measurement 
Cell membrane fluidity was measured using generalized polarization of fluidity sensitive dye 
Laurdan (Parasassi et al., 1990). The measurement was carried out essentially as described 
earlier (Strahl et al., 2014). In brief, cells grown in TY were incubated for 5 min in 10 μM 
Laurdan in the presence on 1% DMF, followed by wash with prewarmed PBS. The Laurdan 
fluorescence intensity was measured at 435 nm and 500 nm upon excitation at 350 nm using a 
BMG Optima fluorometer. Laurdan generalized polarisation (GP) was calculated as 
(I435−I500)/(I435+I500). Membrane fluidizer Benzyl-Alcohol (BA) was used as a positive control.  
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Microscopic and fluorometric measurement of membrane potential 
Cell membrane potential levels were visualized microscopically by staining with voltage 
sensitive dye DiSC3(5) (10 µM) for 5 min at 30 °C. As a positive control, the membrane 
potential was dissipated by small cation specific channel forming peptide gramicidin (mixture 
of gramicidins A, B, C, and D, 10 μg ml−1). The fluorometric assay of cellular membrane 
potential levels was performed with cultures diluted in TY medium to OD600 of 0.2, followed 
by addition of 1 µM DiSC3(5) with a BMG Optima fluorometer. As a control, the membrane 
potential was dissipated with 2 μg ml−1gramicidin. Both assays are described in detail in Strahl 
and Hamoen (2010).  
 
ATP measurement 
Cellular ATP levels were measured from samples withdrawn from cultures grown in TY 
medium in the presence and absence of bsrG inducer IPTG. In brief, triplicate 100 µl samples 
were flash frozen in liquid N2 in order to stop metabolic activities. Cell lysis and determination 
of cellular ATP levels were carried out using a luciferase based ATP bioluminescence Assay 
Kit HSII (Roche Applied Science) following manufacturer’s instructions. The luminescence 
was measured using a BMG Fluostar Optima luminometer. The measured luminescence was 
calibrated using a serial dilution of ATP, and samples equalized against the optical density of 
the corresponding culture.    
 
Analysis of fatty acid composition 
The cellular fatty acid composition of B. subtilis cells upon 3h induction of bsrG with 10 mM 
IPTG was determined for strain NJ12 grown in TY medium. For a comparison, the fatty acid 
composition of a strain encoding an empty vector (NJ0) grown under identical conditions was 
determined. The fatty acid analysis was carried out from two biological replicates as detection 
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of fatty acid methyl esters using gas chromatography. The analysis was carried out by the 
Identification Service of the DSMZ, Braunschweig, Germany. 
 
L-form transition and growth 
To prepare protoplasts, lysozyme (500 μg ml−1) was added to a cell culture grown until OD600 
of 0.1-0.15 in NB/MSM medium as described in Domínguez-Cuevas et al. (2012). After 1 h 
incubation at 37 °C with shaking, the cell culture of proliferating protoplasts was diluted 1:1000 
into fresh NB/MSM containing 300 μg ml−1penicillin G and supplements, if required. 
Subsequently, the cell cultures were incubated at 30 °C without shaking. 
 
Western blotting 
Samples for western blotting were withdrawn from cultures at different time points, equalized 
against optical density, harvested by centrifugation at 4°C and 13 000 rpm, and flash frozen in 
liquid N2. Subsequently, protein extracts were prepared by sonication as described previously 
(Licht et al., 2005). Equal amounts of protein extracts were separated on 12% or 17.5% 
SDS/polyacrylamide (PAA) gels and transferred onto PVDF membranes at 15 V for 60 min by 
semidry blotting in transfer buffer containing 5.8 g Tris-HCl, 2.9 g glycine, 0.37 g SDS, and 
200 ml methanol per litre. Membranes were blocked for 1 h with PBST containing 0.5% 
gelatine and subsequently incubated overnight with polyclonal antisera against DivIVA, FtsZ, 
Spo0J or GlmS. Subsequently, membranes were washed four times for 10 min in PBST, 
followed by 1 h incubation with the secondary antibody (anti-rabbit-horseradish peroxidase) 
and washed 6 times for 10 min in PBST. At last, the membranes were incubated with 10 ml 
substrate solution containing 50 mM Tris pH 7.5, 0.9 g ml−1diaminobenzidine and 5ml H2O2 





Samples for northern blotting were withdrawn from cultures at different time points, equalized 
against the optical density, and flash frozen in liquid N2. Total RNA was isolated using the hot-
phenol method, separated on 6% denaturing polyacrylamide or 1.5% agarose gels and blotted 
onto nylon membrane as described previously (Heidrich et al., 2006). 32P-UTP-labelled 
riboprobes for SR5, divIVA, and glmS were used for detection. As a loading control, the 
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Fig. 1. Inhibition of growth by BsrG  
(A) Growth of B. subtilis upon expression of brsG at different levels. B. subtilis strains NJ0 
(Pspac-) and NJ12 (Pspac-bsrG) were grown in TY medium on a microtiter plate. Growth 
behaviour was monitored in the presence of different concentrations of Pspac-inducer IPTG 
(0-10 mM). The cultures were inoculated from an overnight culture directly into a medium 
containing given concentrations of IPTG. (B) In contrast to the growth experiment shown in 
panel A, the cells were allowed to enter logarithmic growth phase before induction of bsrG by 
10 mM IPTG. The time point of induction is highlighted with an arrow. The time point 3 h 




Fig 2: Cellular localization of BsrG-GFP 
(A) B. subtilis NJ15 expressing bsrG-msfgfp was grown in TY medium in the presence of 10 
mM IPTG until mid-log phase, followed by fluorescence microscopy. A fluorescence 
micrograph visualizing a localization of BsrG at the cell periphery is shown. (B) The membrane 
association of BsrG was further quantified by measuring the fluorescence intensity profile 
diagonal to the length axis of the cell. The graph depicts the average fluorescence intensity 
profile, and a standard deviation (s.d.) (n = 39). The fluorescence maxima, at the distance of 
0.8 µm, correlates with the cell width of B. subtilis (Strahl et al., 2014). (C) The mean 
hydrophobicity profile of BsrG calculated using the Kyte & Doolittle algorithm (Kyte and 




Fig. 3. Effects of BsrG on membrane properties  
(A) Analysis of membrane permeability in the presence of BsrG. Detection of membrane 
permeability was performed microscopically by addition of 2 µM SYTOX Green to uninduced 
and induced B. subtilis NJ12 cultures. This membrane permeable dye is only able to penetrate 
the cell in the presence of relatively large pores (Roth et al., 1997). As a control, the pore 
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forming bacteriocin nisin (2.5 µg ml-1) was added to the uninduced sample. No membrane 
permeabilization by BsrG was observed. Phase contrast (upper left corner) and fluorescent 
images are depicted. (B) Microscopic analysis of cell membrane potential after induction of 
bsrG. The relative membrane potential levels of induced and uninduced B. subtilis NJ12 cells 
are detected with membrane potential sensitive dye DiSC3(5). As a control, membrane 
potential was dissipated by addition 10 µg ml-1 gramicidin, which forms small cation specific 
channels (Kelkar and Chattopadhyay, 2007). No dissipation of membrane potential by BsrG 
was observed. (C) Quantification of SYTOX Green fluorescence signals. The diagram depicts 
the average and s.d. values of background subtracted cellular fluorescence. The number of 
analyzed cells is depicted above the bar diagram. (D) Fluorometric measurement of membrane 
potential. The membrane potential levels in uninduced (grey) and induced (black) B. subtilis 
NJ12 cells were measured as the membrane potential-dependent uptake of DiSC3(5) into cells 
causing fluorescence quenching as described earlier (Strahl and Hamoen, 2010). Dissipation 
of the membrane potential by the addition of gramicidin (1 µg ml-1) was measured as release 
of the dye to the medium resulting in an increase in fluorescence. The diagram depicts the 
average s.d. values and of 3 independent measurements. (E) Overall cytoplasmic membrane 
fluidity in the presence and absence of BsrG. The membrane fluidity of B. subtilis strain NJ0 
and NJ12 (Pspac-bsrG) was measured in the presence and absence of inducer IPTG as Laurdan 
GP as described previously (Strahl et al., 2014). As a positive control, the membrane fluidizer 
benzyl alcohol (BA; 30 mM) was added to NJ0 cells, causing an increase in fluidity (reduction 
in Laurdan GP). The diagram depicts the average values and s.d. of 3 independent 
measurements. No significant changes in membrane fluidity were observed. (F) Cellular ATP 
levels in the presence and absence of BsrG. The indicated times correspond to time after 
induction of bsrG. The growth curve of the cultures from which the samples were withdrawn 
is shown in Fig. 1B. As a positive control, the uninduced strain was treated with the membrane 
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Fig. 4. Effect of BsrG on cell morphology  
(A) Overall cell morphology of B. subtilis upon expression of bsrG. Phase contrast images of 
uninduced (left) and induced (right) B. subtilis cells are shown. (B) Comparison of optical 
resolution between wide field (wf), and 3D structured illumination microscopy (3D-SIM). Sub-
resolution (100 nm) fluorescent beads were imaged with wide field and 3D-SIM (left panels). 
Fluorescent intensity line scan (point spread function) across four beads visualizes the increase 
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in optical resolution (right panel). (C) High resolution microscopy of B. subtilis cells with 
cytoplasmic GFP. Uninduced and induced B. subtilis cells additionally expressing gfp under 
control of the strong rpsD promoter were used for 3D-SIM. Upper images, wide field; lower 
images, 3D-SIM. Note the emergence of cellular areas from which GFP is excluded (arrow). 
(D) Effects of BsrG on membrane morphology. 3D-SIM was performed with B. subtilis cells 
stained with membrane dye MitoTracker Green either in the absence (left) or presence (right) 
of BsrG. Upper images, wide field; lower images, 3D-SIM. Note the highly distorted 
membrane topology (arrow). (E) Selected sections of MitoTracker Green stained cells imaged 
with 3D-SIM. Note the membrane invaginations and irregular septa induced by BsrG (arrow). 




Fig. 5. Effect of BsrG on the localization of cell wall synthetic machinery 
(A) Localization of the cytoskeletal proteins MreB and Mbl in the presence of BsrG. Phase 
contrast images of B. subtilis cells expressing gfp-mreB or yfp-mbl are depicted in the absence 
(upper panel) or presence of BsrG (lower panel). Note the strong delocalization of MreB, and 
the relatively mild effect on localization of Mbl. (B) BsrG-dependent localization of PonA 
(PBP1). Phase contrast images of B. subtilis cells expressing PonA-GFP are depicted in the 
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absence (upper panel) and presence (lower panel) of BsrG. (C) BsrG-dependent localization of 
lipid II. B. subtilis cells were simultaneously stained with fluorescent vancomycin, which binds 
to cell wall precursor lipid II, and membrane dye nile red in the absence (left) and presence 
(right) of BsrG. Strains used: B. subtilis NJ32 (Pspac-bsrG, gfp-mreB), B. subtilis NJ33 





Fig. 6. BsrG-dependent growth inhibition of B. subtilis strains deleted for individual mreB 
homologs, autolytic enzymes, and in cell wall-less L-forms 
(A) Contribution of the cytoskeletal proteins to BsrG toxicity. B. subtilis strain expressing bsrG 
under control of the IPTG-inducible promotor (indicated as wt) was deleted for either mbl, 
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mreB, or mreBH. The growth behaviour was analysed in the absence (left) and presence (right) 
of 0.1 mM IPTG in TY supplemented with 20 mM MgCl2. Note the absence of lysis in ΔmreB 
strain background. (B) Contribution of autolytic enzymes to the observed cell lysis. B. subtilis 
strain expressing bsrG (indicated as wt) was deleted for either lytABC or lytD. The growth 
behaviour was analysed as above. In contrast to LytC and LytD, autolytic enzymes LytE, LytF 
and CwlO did not prevent BsrG-induced cell lysis (see Fig. S10). Please note that the lytABC 
operon encodes the amidase LytC and LytAB, which are involved in secretion and regulation 
of LytC, respectively. (C) Analysis of BsrG toxicity in B. subtilis L-forms. B. subtilis strains 
were grown in MSM/NB, and optical densities measured at the indicated time points. The 
analysed strains contain a repressible Pxyl-murE-B construct, which allow these B. subtilis cells 
to grow either as rods, or as L-forms in a xylose dependent manner (Leaver et al., 2009). The 
growth behavior was investigated in both the rod-shape (left) and L-form (right) state with or 
without expression of bsrG. In contrast to other growth experiments, the rod-shape cells were 
here directly diluted into a medium containing bsrG inducer IPTG (compare with Fig. 1A). 
Strains used: B. subtilis NJ70 (Pspac-bsrG, mbl), B. subtilis NJ71 (Pspac-bsrG, mreB), B. 
subtilis NJ72 (Pspac-bsrG, mreBH), B. subtilis NJ141 (Pspac-bsrG, lytABC), B. subtilis 
NJ142 (Pspac-bsrG, lytD), B. subtilis NJ65 (xseB::Tn, Pxyl-murE-B), B. subtilis NJ67 




Fig. 7. Effect of BsrG on nucleoid morphology and gene induction 
(A) Phase contrast images of B. subtilis NJ12 cells (left) with fluorescent nile red membrane 
stain (middle left), DAPI nucleoid stain (middle right), and a DAPI-nile red-overlay (right) are 
depicted in the absence or presence of BsrG. Note the condensation of the nucleoid upon 
expression of bsrG. (B) Induction of bsrG prevents protein synthesis. The ability of cells to 
express gfp from Pxyl upon induction of bsrG using IPTG was quantified as cytoplasmic GFP 
fluorescence. A comparison between uninduced (no xylose), continuously induced (culture 
supplemented with 1% xylose), and a culture in which bsrG was induced for 3 h, followed by 
addition of 1% xylose is shown. The average and standard deviation of cellular fluorescence 
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for 50 cells was quantified 4 h after induction of bsrG. (C) BsrG-dependent expression of two 
housekeeping genes divIVA (cell division site determination) and glmS (glutamine-fructose-6-
phosphate transaminase) was analyzed using northern blotting. These genes were selected 
based on unregulated expression levels upon entry from logarithmic to stationary growth phase 
(Blom et al., 2011), relatively short transcript length, and availability of antibodies for an 
accompanied western blot (Fig. S13). In addition, transcript levels of sRNA SR5 (antitoxin of 
bsrE/SR5 type I TA-system) was determined. Detection of 5S rRNA was used as a loading 
control. Samples of B. subtilis cells were taken at different time points after induction of bsrG 
with 10 mM IPTG (right panels). Uninduced samples were collected at corresponding time 
points (left panels). Note the gradual reduction of transcript levels (see Fig. S14 for 
quantification). Strains used: B. subtilis NJ12 (Pspac-bsrG), B. subtilis NJ140 (Pspac-bsrG, 
Pxyl-gfp).   
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Table 1: Effects of BsrG on protein localization and staining in B. subtilis 
protein/ 
stain 












nucleoid  no effect  
FtsZ cell division septal septal, more diffuse  
Pbp2B cell division septal septal, more diffuse 
MreB cell elongation 
membrane associated 
polymers 
clustered into foci and misaligned polymers 
partially associated with membrane invaginations 
Mbl cell elongation 
membrane associated 
polymers 
more diffuse, and partially clustered into foci 
MreBH cell elongation 
membrane associated 
polymers 




lateral and septal 
membrane  





lipid II stain 
lateral and septal 
membrane 





foci at origin  no effect  
tetO-array  
at oriC 
replication foci at origin slightly reduced number of origins 
DnaN  replication  
nucleoid associated foci, 
replication fork  
no effect  
DAPI DNA stain nucleoid compacted nucleoid 
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Fig. S1 Secondary structure of wild-type and mutated bsrG mRNA 
The experimentally confirmed secondary structure of the wild-type bsrG mRNA (Jahn and 
Brantl, 2013) is shown on the left. The RBS of the bsrG ORF is framed in blue, and start and 
stop codon are highlighted in red and blue, respectively. The region covering RBS and start 
codon is shown magnified on the right. In wild-type bsrG mRNA the RBS is located in a 
double-stranded region which reduces translation. In order to increase translation, several 




Fig. S2. BsrG-dependent localization of proteins involved in cell division 
Cellular localization of GFP-FtsZ, Pbp2B-GFP, DivIVA-GFP, MinD-GFP, and Noc-YFP in 
B. subtilis cells in the absence (left) and presence (right) of BsrG. Significantly disturbed 
localization of cell division protein FtsZ, and the division site selection proteins DivIVA and 
4 
 
MinD was observed. Strains used: B. subtilis NJ31 (Pspac-bsrG gfp-ftsZ), B. subtilis NJ48 
(Pspac-bsrG pbpB-gfp), B. subtilis NJ27 (divIVA-gfp), B. subtilis NJ28 (Pspac-bsrG minD-




Fig. S3. BsrG-dependent localization of proteins and markers involved in replication and 
chromosome segregation 
Cellular localization of Spo0J-GFP, DnaN-mCherry, and oriC (TetR-GFP bound to yycr::tetO) 
in B. subtilis cells in the absence (left) and presence (right) of BsrG. The average number of 
detected origins/cell was counted for 50 cells. No significant changes were observed. Strains 
used: B. subtilis NJ41 (Pspac-bsrG spo0J-gfp), B. subtilis NJ92 (Pspac-bsrG dnaN-mCherry), 




Fig. S4. Mid-cell exclusion of GFP caused by BsrG-triggered nucleoid condensation 
(A) 3D-SIM images of B. subtilis cells expressing gfp in the absence (upper panel) and presence 
(lower panel) of BsrG. (B) Fluorescence GFP intensity profile of selected cells shown in (A). 
The intensity profile was generated by averaging 20 pixels (0.6 µm) aligned perpendicular to 
the cell length axis, and by measuring a 60 pixels (1.8 µm) long intensity profile along the 
length axis of the cell. The length of the profile was selected in order to avoid septa, and septa-
associated membrane invaginations. A clear fluctuation of the GFP signal intensity is observed 
in cells expressing bsrG. (C) To gain information about the frequency of mid-cell exclusion of 
GFP, the analysis was repeated for 40 cells followed by calculation of mean and variance of 
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intensity for each individual line scan as described earlier (Strahl et al., 2015). As shown in the 
graphs, the median of fluorescence intensity measured for 40 cells does not change 
significantly. In contrast, the variance is significantly increased, indicating that observed 
fluctuation of GFP intensity is a significant property of the cell population. Strain used: B. 




Fig. S5. Analysis of membrane invaginations induced by BsrG 
To distinguish between membrane invaginations directly associated with the cytoplasmic 
membrane and separated cytoplasmic vesicles, the membranes of B. subtilis were 
simultaneously stained with fluorescent MitoTracker Green (upper panel) and FM5-95 (middle 
panel) in the absence or presence of BsrG. In contrast to MitoTracker, the more hydrophobic 
FM5-95 cannot pass through the first lipid membrane, resulting in staining of the cytoplasmic 
membrane but not separated vesicles (Sharp and Pogliano, 1999). The strong overlap between 
the signals of these two different membrane dyes indicates that the observed membrane 





Fig. S6. Effect of BsrG on the localization of MreBH 
Localization of the cytoskeletal protein MreBH in the presence of BsrG. Phase contrast image 
of B. subtilis cells expressing yfp-mreBH is depicted in the absence (left panel) or presence of 




Fig. S7. Partial colocalization between MreB and membrane invaginations 
 Association of MreB with some of the membrane invaginations induced by BsrG. Analysis of 
colocalization of GFP-MreB (middle panel) with FM5-95 (upper panel) in B. subtilis cells 
expressing bsrG by structured illumination microscopy. Left panel, wide field; right panel, 3D-




Fig. S8. Delocalization of MreB caused by excess membrane synthesis 
Localization pattern of GFP-MreB in a strain overexpressing accDA which induced excess 
membrane synthesis (Mercier et al., 2013). Phase contrast images of B. subtilis cells expressing 
gfp-mreB (right), and fluorescent nile red membrane stains (left), are shown without (upper 
panel) or with (lower panel) the overexpression of accDA. Note the delocalization of MreB 




Fig. S9. Inhibition of fatty acid synthesis prevents BsrG-induced excess membrane 
synthesis, delocalization of MreB, and the triggered lysis  
(A) Growth of B. subtilis upon expression of bsrG in the presence of MIC (2.5 µg ml-1), sub-
MIC (1.2 µg ml-1), and in the absence of fatty acid synthesis-inhibitor triclosan. Triclosan is a 
specific inhibitor of enoyl-acyl carrier protein reductases FabI and FabL of B. subtilis (Heath 
et al., 2000; Wenzel et al., 2011), which results in a concentration dependent decrease in growth 
rate. Upon fatty acid-synthesis limited growth, a delayed inhibition of growth by induction of 
bsrG, comparable to uninhibited cells, was observed. In contrast to cells grown in the absence 
of triclosan, the triggered cell lysis was abolished in the presence of sub-MIC concentrations 
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of triclosan. (B) Fluorescent micrographs of B. subtilis cell stained with membrane dye nile red 
in the presence and absence of sub-MIC concentrations of triclosan, and BsrG. Note the 
absence of extensive membrane invaginations upon bsrG induction when the growth rate is 
fatty acid synthesis-limited. The microscopy was carried out at time points indicated in the 
growth curves with a star. (C) Fluorescent micrographs of B. subtilis cells expressing GFP-
MreB in the presence and absence of sub-MIC concentrations of triclosan and BsrG. The 
absence of extensive membrane invaginations upon inhibition of fatty acid synthesis restores 
the normal localization pattern of MreB. The microscopy was carried out at comparable time 





Fig. S10. BsrG-dependent growth inhibition of B. subtilis strains deleted for autolytic 
enzymes 
B. subtilis strain expressing bsrG under control of the IPTG-inducible promotor was deleted 
for either lytE, lytF, or cwlO. The growth behaviour was analysed in the absence (left) and 
presence (right) of 0.1 mM IPTG in TY. No significant change in lysis phenotype in the absence 
of these autolytic enzymes was observed. Strains used: B. subtilis NJ143 (Pspac-bsrG ΔlytE), 




Fig. S11. B. subtilis nucleoid morphology upon inhibition of translation and transcription 
The nucleoid morphology of the Pspac-bsrG B. subtilis strain was analyzed with DNA stain 
DAPI in the absence of brsG but in the presence of translation (100 µg ml-1 chloramphenicol) 
or transcription (200 µg ml-1 rifampicin) inhibitors. Cells were incubated with the 
corresponding inhibitor for 30 min. Note the compaction of the nucleoid upon inhibition of 
translation, and the decondensation upon inhibition of transcription. The nucleoid morphology 
of uninhibited cells, and cells expressing bsrG is shown in Fig. 7A. Strain used: B. subtilis 




Fig. S12. Inhibition of transcription or translation does not cause changes in cell 
morphology or membrane topology 
(A) Phase contrast images of B. subtilis wild type cells (1st panel) with fluorescent nile red 
membrane strain (2nd panel), DAPI nucleoid stain (3rd panel), and overlay (4th panel) are 
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depicted for untreated cells, and for cells incubated for 2 h with 100 µg ml-1 chloramphenicol 
or 200 µg ml-1 rifampicin. No changes in the overall cell morphology, or membrane topology 
were observed. (B) Fluorescent nile red membrane strain are depicted for B. subtilis wild type 
cells, and for cells in which growth rate is limited by abnormally low expression of elongation 
factor EF-Tu. A cell chaining phenotype is observed, but cell morphology and the membrane 
topology remain unaffected. At low frequency a cell widening is observed. Strains used: B. 




Fig. S13. Effects of BsrG on several housekeeping protein levels 
B. subtilis NJ12 was grown in rich medium TY for 2 h before induction of bsrG by 10 mM 
IPTG. As control, B. subtilis 1A100 was treated with 100 µg ml-1 chloramphenicol for 
inhibition of translation. Samples were taken at different time points and equalized against the 
optical density. Protein lysates were obtained by sonication and the same volume of each 
protein extract was separated on 12% (GlmS, Spo0J, FtsZ) or 17.5% (DivIVA) SDS 
polyacrylamide gels. Western blotting was performed as described in experimental procedures. 
No significant alteration in protein levels was observed upon translation inhibition by 





Fig. S14. Quantification of northern blots 
The diagram displays the quantification of the autoradiograms shown in Fig. 7. The relative 





Fatty acid NJ0+IPTG NJ12+IPTG 
C14:0 iso 2.61   ±0.01 1.37   ±0.09 
C14:0 0.54   ±0.00 0.66   ±0.03 
C15:0 iso 19.40 ±0.04 19.51 ±0.16 
C15:0 anteiso 40.84 ±0.09 42.35 ±0.06 
C15:0 0.43   ±0.00 0.23   ±0.02 
C16:1 0.95   ±0.00 2.44   ±0.04 
C16:0 iso 7.67   ±0.02 4.15   ±0.04 
C16:0 5.63   ±0.01 5.80   ±0.21 
C17:0 iso 8.76   ±0.02 8.55   ±0.19 
C17:0 anteiso 12.65 ±0.03 13.08 ±0.00 
C18:0 0.68   ±0.00 1.23   ±0.06 
sum 99% 99% 
 
iso/anteiso 0.72 ±0.00 0.61 ±0.00 
C14-15/C16-18 1.76 ±0.00 1.81 ±0.03 
branched/unbranched 11.17 ±0.01 8.60 ±0.26 
unsaturated/saturated 0.13 ±0.00 0.31 ±0.01 
 
Table S1: Cellular fatty acid composition in the presence and absence of BsrG 
The fraction of fatty acids which contribute to more than 0.2 % of the overall fatty acid content 
are presented as mean and standard deviation of two independent measurements. Strains used: 
B. subtilis NJ0 (Pspac-), and B. subtilis NJ12 (Pspac-bsrG).  
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Table S2: Strains used in this study 
 
strain genotype/properties induction reference/construction 
E. coli DH5α F– Φ80lacZΔM15 Δ(lacZYA-argF) U169 recA1 endA1 
hsdR17 (rK–, mK+) phoA supE44 λ– thi-1 gyrA96 
relA1 
- Hanahan, 1983 
B. subtilis 168ca trpC2  - Laboratory stock 
B. subtilis 1A100 attSPβ trpC2  - Zahler et al., 1977 
B. subtilis HS63 trpC2 amyE::spc Pxyl-divIVA-msfgfp  0.3 % xylose Strahl, unpub. 
B. subtilis LH131 trpC2 amyE::spc Pxyl-minD-gfp  0.5 % xylose Marston et al., 1998 
B. subtilis 4701 trpC2 amyE::spc Pxyl-noc-yfp  0.3 % xylose Wu et al., 2009 
B. subtilis 2020  trpC2 amyE::spc Pxyl-gfp-ftsZ 0.3 % xylose Stokes et al., 2005 
B. subtilis YK405 trpC2 amyE::spc Pxyl-gfp-mreB  0.3 % xylose Kawai et al., 2009 
B. subtilis 3751 trpC2 amyE::spc Pxyl-yfp-mbl  0.3 % xylose Carballido-López et al., 
2006 
B. subtilis 3750 trpC2 amyE::spc Pxyl-yfp-mreBH 0.6 % xylose Carballido-López et al., 
2006 
B. subtilis YK706 trpC2 amyE::spc Pxyl-gfp-ponA 0.5 % xylose Kawai et al., 2009 
B. subtilis HM160  trpC2 spo0J-gfp kan - Strahl and Hamoen, 
2010 
B. subtilis 3335  trpC2 amyE::spc Pxyl-pbpB-gfp 0.3 % xylose Xu, unpublished 
B. subtilis bSS421  trpC2 amyE::spc PrpsD-sfgfp  - Syvertsson, unpub. 
B. subtilis YK1694 trpC2 xseB::Tn kan amyE::spc Pxyl-accDA  1 % xylose Mercier et al., 2013 
B. subtilis Bs116 trpC2 Pxyl-murE-B spc 0-1 % xylose Leaver, unpub. 
B. subtilis 2505 trpC2 cat mbl::spec - Jones et al., 2001 
B. subtilis 3725  trpC2 mreB::kan - Formstone et al., 2005 
 B. subtilis 4262 trpC2 mreBH::ery - Schirner et al., 2009 
B. subtilis AK47  trpC2 amyE::spc Pspac(mut)-tetR-gfp 
yycr::tetO(25::erm) 
- Koh et al., 2014 
B. subtilis JWV217 trpC2 amyE::cat PywlC-gfp PdnaN-dnaN-mCherry 
spc 
- Veening et al., 2009 
B. subtilis 1A792 lytABC::kan lytD::tet lytE::cam lytF::spc - Margot et al., 1992 
B. subtilis PDC575 lytE::tet - Domínguez-Cuevas et 
al., 2013 
B. subtilis BP079  cwlO::spc - Bisicchia et al., 2007 
B. subtilis JS91  Pxyl-tufA - Defeu Soufo et al., 
2010 




B. subtilis NJ12 attSPβ trpC2 aprE::cat Pspac-bsrG(+39 to +42 C>A)  0-10 mM 
IPTG 
pAPG12>1A100 (cm) 
B. subtilis NJ15 attSPβ trpC2 aprE::cat Pspac-bsrG(+39 to +42 C>A) 
-msfgfp 
10 mM IPTG pAPG15>1A100 (cm) 
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strain genotype/properties induction reference/construction 
B. subtilis NJ27 attSPβ trpC2 aprE::cat Pspac-bsrG(+39 to +42 C>A) 
amyE::spc Pxyl-divIVA-msfgfp  
0-10 mM 
IPTG, 0.3 % 
xylose 
HS63>NJ12 (spc) 
B. subtilis NJ28 attSPβ trpC2 aprE::cat Pspac-bsrG(+39 to +42 C>A) 
amyE::spc Pxyl-minD-gfp  
0-10 mM 
IPTG, 0.5 % 
xylose 
LH131>NJ12 (spc) 
B. subtilis NJ30 attSPβ trpC2 aprE::cat Ppac-bsrG(+39 to +42 C>A) 
amyE::spc Pxyl-noc-yfp  
0-10 mM 
IPTG, 0.3 % 
xylose 
4701>NJ12 (spc) 
B. subtilis NJ31 attSPβ trpC2 aprE::cat Pspac-bsrG(+39 to +42 C>A) 
amyE::spc Pxyl-gfp-ftsZ  
0-10 mM 
IPTG, 0.3 % 
xylose 
2020>NJ12 (spc) 
B. subtilis NJ32 attSPβ trpC2 aprE::cat Pspac-bsrG(+39 to +42 C>A) 
amyE::spc Pxyl-gfp-mreB  
0-10 mM 
IPTG, 0.3 % 
xylose 
2566>NJ12(spc) 
B. subtilis NJ33 attSPβ trpC2 aprE::cat Pspac-bsrG (+39 to +42 C>A) 
amyE::spc Pxyl-yfp-mbl  
0-10 mM 
IPTG, 0.3 % 
xylose 
3751>NJ12 (spc) 
B. subtilis NJ34 attSPβ trpC2 aprE::cat Pspac-bsrG(+39 to +42 C>A) 
amyE::spc Pxyl-gfp-ponA  
0-10 mM 
IPTG, 0.5 % 
xylose 
PG206>NJ12 (spc) 





B. subtilis NJ48 attSPβ trpC2 aprE::cat Pspac-bsrG(+39 to +42 C>A) 
amyE::spc Pxyl-pbpB-gfp  
0-10 mM 
IPTG, 0.3 % 
xylose 
3335>NJ12 (spc) 
B. subtilis NJ49 attSPβ trpC2 aprE::cat Pspac-bsrG(+39 to +42 C>A) 
amyE::spc Pxyl-yfp-mreBH  
0-10 mM 
IPTG, 0.6 % 
xylose 
3750>NJ12 (spc) 
B. subtilis NJ52 attSPβ trpC2 aprE::cat Pspac-bsrG(+39 to +42 C>A) 




B. subtilis NJ53 attSPβ trpC2 xseB::Tn kan  - Bs116>1A100 (kan) 





B. subtilis NJ61 attSPβ trpC2 amyE::spc Pxyl-accDA  1 % xylose YK1694>1A100 (spc) 
B. subtilis NJ65 attSPβ trpC2 xseB::Tn kan Pxyl-murE-B spc 
 
0-10 mM 
IPTG, 0-1 % 
xylose 
Bs116>NJ53 (spc) 
B. subtilis NJ67 attSPβ trpC2 aprE::cat Pspac-bsrG(+39 to +42 C>A) 
xseB::Tn kan Pxyl-murE-B spc 
0-10 mM 
IPTG, 0-1 % 
xylose 
Bs116>NJ55 (spc) 

















strain genotype/properties induction reference/construction 
B. subtilis NJ74 attSPβ trpC2 aprE::cat Pspac-bsrG(+39 to +42 C>A) 




B. subtilis NJ77 attSPβ trpC2 aprE::cat Pspac-bsrG(+39 to +42 C>A) 




B. subtilis NJ91 attSPβ trpC2 amyE::spc Pxyl-accDA aprE::cat Pspac-
gfp-mreB  
10 mM 
IPTG,  1 % 
xylose 
pAPMreB1>NJ61 (cm) 
B. subtilis NJ140 attSPβ trpC2 aprE::cat Pspac-bsrG(+39 to +42 C>A) 
amyE::spc Pxyl-gfp 
- pSG1729>NJ12 (spc) 





B. subtilis NJ141 attSPβ trpC2 aprE::cat Pspac-bsrG(+39 to +42 C>A) 
lytABC::kan 
- 1A792>NJ12 (kan) 
B. subtilis NJ142 attSPβ trpC2 aprE::cat Pspac-bsrG(+39 to +42 C>A) 
lytD::tet 
- 1A792>NJ12 (tet) 
B. subtilis NJ143 attSPβ trpC2 aprE::cat Pspac-bsrG(+39 to +42 C>A) 
lytE::tet 
- PDC575>NJ12 (tet) 
B. subtilis NJ144 attSPβ trpC2 aprE::cat Pspac-bsrG(+39 to +42 C>A) 
lytF::spc 
- 1A792>NJ12 (spc) 
B. subtilis NJ145 attSPβ trpC2 aprE::cat Pspac-bsrG(+39 to +42 C>A) 
cwlO::spc 
- BP079>NJ12 (spc) 




Table S3: Plasmids used in this study 
 
Plasmid Description Reference 
pAPNCcat aprE-integration vector pAPNC213 encoding Pspac-MCS,  
bla, spc replaced with cat 
 
Morimoto et al., 2002 




pAPG12 pAPNCcat containing Pspac-bsrG gene with its own 
open SD ( +39 to +42 C>A), cat bla 
 
this study 
pAPG15 pAPNCcat containing Pspac-bsrG-msfgfp with  
open SD of bsrG ( +39 to +42 C>A), cat bla 
 
this study 
pAPMreB1 pAPNCcat containing Pspac-mgfp-mreB, cat bla this study 
 
 
Table S4: Oligodeoxyribonucleotides used in this study 
 
Name Sequence (5‘ 3‘) Purpose 
HS518 ATG GTC GAC ATG CAT CTA GAA AGG AGA TTC pAPMreB1 
HS519 CTA GAA TTC GAT ATC AAG CTT TTA TCT AGT pAPMreB1 
SB2185 GTA GTC GAC GTA CAT AAA GTT TGC TCA CTC AAG GGA GTC TTG CTC 
ATA AAA TAT GAA AGG GGT GGG AAA ATG  
pAPG12 
SB2195 GCA GGA TCC AAA AAG ACC AGG GTG TTG pAPG12 
SB2252 GTA GGA TCC GTA CAT AAA GTT TGC TCA CTC AAG pAPG15 
SB2253 TCA GGA AGC GGC TCA GGA ATG AGC AAA GGA GAA GAA C pAPG15 
SB2254 TCC TGA GCC GCT TCC TGA TTT TTT CTT TTG GCT TGA CG pAPG15 
SB2255 GCA GAA TTC GCA AAA AAA GAC GTT TGC CTA AGG CAA ACG TCT TTT 
TAT TTG TAG AGC TCA TCC ATG CC 
pAPG15 
SB767 GGG TGT GAC CTC TTC GCT ATC GCC ACC 5S rRNA 
oligoprobe 
SB1819 TTA CAA TAC ATT ACA GTC SR5 riboprobe 
SB1820 GAA ATT AAT ACG ACT CAC TAT AGG TAG ACC TCC CTT GAG CCT CAG 
AAC 
SR5 riboprobe 
SB2541 GAA ATT AAT ACG ACT CAC TAT AGG GAC AAG TCC TGC ATG GTA GCT glmS riboprobe 
SB2542 TCA CTG ATG ACC AAG TTG TCA glmS riboprobe 
SB2545 GAA ATT AAT ACG ACT CAC TAT AGG CTC TTC AAT TTC CAT TGC AAT divIVA 
riboprobe 
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